Abstract. Nano-ionic materials made of strontium titanate (SrTiO 3 , STO) and solid solutions of strontium ferrite in STO (SrTi 1−x Fe x O 3 , STF) are grown on single crystalline STO substrates and characterized. Since STF exhibits an oxygen deficiency and, simultaneously, enables oxygen interstitial defects, a space charge area close to the STO | STF interface is present. Oxygen tracer diffusion experiments and impedance spectroscopy at temperatures from 500 to 700 • C and at oxygen partial pressure ranging from 10 −3 to 10 −23 bar confirm fast oxygen transport caused by enhanced ionic conductivity at the interface. There, an oxygen diffusion coefficient of 3.4 × 10 −10 m 2 s −1 at 600 • C and a p type conductivity of about 360 S m −1 at 700 • C are calculated. Such structures open new options in design of nano-ionic materials for oxygen sensors and energy conversion at temperatures lower than those of conventional materials such as yttrium-doped zirconia.
Introduction
Increasing worldwide concerns about environmental degradation, global warming, and the need for new renewable energy sources and safety issues regarding, e.g., nuclear power lead to a search for new materials for sensor, energy conversion, and storage applications. Currently used materials such as yttrium stabilized zirconia (YSZ) yield an outstanding performance such as fast ionic transport (Ioffe et al., 1978; Badwal, 1992; Kilo et al., 2004; Gerstl et al., 2011) , but require high operating temperatures of at least 700 • C. This situation stimulates growing interest in nano-sized ionic materials which could, for example, reduce the operating temperatures of such devices to economically viable temperatures of about 500 • C. Lowering the temperature and enhancing ionic conductivity lead to systems with, e.g., shorter startup times, shorter response times, reduced heat dissipation, lower internal resistance of the cells, as well as prolonged lifetimes. Such nano-sized ionic systems, however, remain in the early stages of research and development largely because of material limitations. Improved understanding and control of the interfacial ionic transport and innovative means to tailor their ionic conductivity are required to facilitate further development.
This work focuses on investigation of nano-ionic structures comprising alternating layers of metal oxides with oxygen deficiency and excess. Consequently, an increase in concentrations of mobile defects in the form of oxygen vacancies and interstitials and thus enhanced ionic conductivity is expected. The Debye screening length at the interface of nanoionic layers should be on the order of several tens of nanometers resulting in effects on the oxygen transport visible by oxygen exchange experiments and impedance spectroscopy.
The transport properties in these materials are investigated using oxygen exchange experiments and impedance spectroscopy as a function of temperature and of oxygen partial pressure. The material systems selected for this work are strontium titanate (SrTiO 3 , STO) and solid solutions of strontium ferrite (SFO) in STO (SrTi 1−x Fe x O 3 , STF) with 20 (STF20) and 50 mol % SFO (STF50). Diffusion barriers are made of thin lanthanum aluminate (LaAlO 3 , LAO) and gold layers. Heilig (1996) .
Models

Space charge at the interface
STO single crystals show a perovskite structure with a closely packed anion sublattice. Because of size constraints, strontium titanate cannot accommodate interstitial defects O i . In contrast, it tolerates oxygen vacancies VO . STF solid solutions show a double perovskite structure with inherent oxygen deficiency (brownmillerite structure of SFO) which provides sufficient room for oxygen interstitials. The conductivity of STF and STO bulk materials has been investigated previously. For further discussion, an exemplary plot of total conductivity as a function of oxygen partial pressure and STF composition at 850 • C is shown in Fig. 1 (Heilig, 1996) .
The stoichiometric composition of STF solid solutions is defined as SrTi +4 1−x Fe +3
x O 3−x/2 , where neither Fe nor Ti is regarded as a defect species for Fe concentrations above 1 % (Rothschild, 2006) . The preferred oxidation state of Fe is +3, resulting in an inherently oxygen-deficient crystal structure, i.e., in structural oxygen vacancies. Here, the intrinsic disorder is considered to be anion Frenkel defects where oxygen vacancies and interstitials are thermally generated as follows (Rothschild, 2006; Kuhn et al., 2013) :
The difference in the standard chemical potential of VO defects enables its transfer from STF through the interface into the STO layer. The increased vacancy concentrations at the interface impact the oxygen transport significantly since the oxygen tracer diffusion coefficient is correlated with the vacancy diffusion coefficient D V through where
and f * are concentrations of oxygen vacancies and oxygen as well as the tracer correlation correction factor, respectively. In the case of an oxygen tracer, the correlation factor is very close to unity and therefore set to unity in further discussion. Since the bulk oxygen concentration, c O × O , can be assumed to be nearly constant, the diffusion coefficient of oxygen is proportional to the concentration of the vacancies. Therefore, the enhanced space charge close to the interface as depicted in Fig. 2 is expected to facilitate fast oxygen transport in that region. This effect can be controlled by the concentration of a ferrite phase in STF. It can be further increased by creating stacks of interleaved STF and STO layers and adjusting the thicknesses of the structures so that the space charge regions overlap.
Ionic transport
STO is a perovskite structure with well-studied electrochemical properties (e.g., Balachandran and Eror, 1981; Chan et al., 1981; Wagner et al., 2004; De Souza, 2009; Ohly et al., 2006; Gömann et al., 2005 Gömann et al., , 2004 . The oxygen partial pressure dependence of its mixed ionic-electronic conductivity makes it a good candidate for high temperature gas sensor applications (Fergus, 2007; Hu et al., 2004) . Depending on the oxygen partial pressure, three regions with different p O 2 dependence may be regarded (Steinsvik et al., 1996; De Souza, 2009 Shi, 2016) .
Low oxygen partial pressures
At low oxygen partial pressures, oxygen atoms tend to leave the crystal lattice, generating oxygen vacancies and free electrons compensating the charge
with the equilibrium
As long as the concentration of oxygen vacancies formed by unintended acceptor doping and/or Frenkel defects exceeds Figure 3 . Total conductivity in STO as a function of oxygen partial pressure and temperature as reported by several authors (Ohly et al., 2006; Chan et al., 1981; Balachandran and Eror, 1981; Metlenko et al., 2014) .
the number of vacancies generated due to reduction of STO significantly, [VO ] is approximately constant. Therefore, the n type electronic conductivity depends on the oxygen partial pressure p O 2 according to
Further reduction of STO at even lower oxygen partial pressure and/or higher temperature (see Fig. 3 ) may generate a sufficiently large number of oxygen vacancies to make the approximation [VO ] = const invalid. There, the p O 2 dependence of n type electronic conductivity changes to
Intermediate oxygen partial pressures
At intermediate oxygen partial pressures the ionic conductivity dominates, with oxygen vacancies being the prevalent mobile charge carriers.
High oxygen partial pressures
At high oxygen partial pressures the oxygen atoms fill the structural vacancies. As a result of this reaction holes are generated to compensate the charge, with the equilibrium
The concentration change in oxygen atoms at oxygen crystal sites is negligible and may be regarded as constant. Therefore, the p type electronic conductivity depends on the p O 2 as follows:
The total conductivity of STO, σ tot = σ n + σ ion + σ p , as reported by several authors is summarized in Fig. 3. 
Impact of space charge zone on the conductivity
As mentioned above, thermally generated anion Frenkel defects in STF cause an enhanced concentration of charge carriers in the vicinity of the interface, i.e., oxygen interstitials O i in STF and oxygen vacancies VO in STO. Since STF exhibits a disordered perovskite structure, the oxygen defects are assumed to be mobile and thus contribute to ionic conductivity, as is reported in the case of SFO when it switches from brownmillerite to disordered perovskite by increasing the oxygen partial pressure (Kozhevnikov et al., 2001) . At low oxygen partial pressures Reaction (R2) takes place. As long as the oxygen partial pressure is not extremely low, the oxygen vacancy concentration is nearly fixed due to the oxygen vacancies already present in the lattice. Thus the n type electronic conductivity follows the p O 2 dependence given by Eq. (3). At high oxygen partial pressures the oxygen may occupy the oxygen vacancies (Reaction R3) and thus provide a significant number of holes contributing to the p type conductivity. Finally, at intermediate oxygen partial pressure the electronic conduction by holes and electrons is low and the ionic conduction through oxygen vacancies is visible.
Since the thickness of the space charge zone is several orders of magnitude lower than the sum of thicknesses of all other components of the sample, its measurable impact on the conductivity is expected to be relatively low. The increase in n type conductivity at low p O 2 or p type conductivity at high p O 2 depends on the equilibrium of the Reactions (R2) and (R3), respectively. These in turn can be correlated with TGA measurements. In the case of STF samples investigated by Kuhn et al. (2013) , filling of oxygen vacancies at high oxygen partial pressures is more likely (δ = 0.08 at
−27 bar). This explains the asymmetry in the behavior of p and n type conductivity in the material.
Modeling of oxygen transport along the interface
In order to estimate the influence of the space charge layer on the overall oxygen transport and, in turn, on the oxygen partial pressure-dependent conductivity, a 2-D model of the interface, including the STO substrate, is created. The model shown in Fig. 4 has the following constraints.
-The oxygen flow from outside into the sample occurs in a small section at the left border of the model area only. In practice, the oxygen access is enabled by an initial crater crated by ion etching as depicted in Fig. 5 . This section is deep enough to cover both the space charge zone in STO as well as a 10 to 20 nm deep portion of the STO substrate. Apart from that section, the oxygen flow is set to zero (j = 0).
-The oxygen diffusion coefficients in the STO space charge zone and in the STO substrate equal D 1 and D 2 , respectively.
-The thickness of the space charge zone is chosen to be 30 nm. The thickness of the STO substrate is about 1 µm, which is sufficiently high to enable diffusion into a virtually semi-infinite space.
The oxygen diffusion in the model described above is simulated using Comsol Multiphysics software (Comsol, 2016) .
Results of the simulation are subsequently compared with experimental results. Here, cross sections and line scans (denoted by vertical arrows in Fig. 4 ) are analyzed. As explained in Sect. 4.3.3, the simulation provides the lower limit for the diffusion coefficient only.
Experimental
A scheme of a layer sequence deposited on a STO substrate is shown in Fig. 5 . The sample is covered with a LAO | Au diffusion barrier to prevent unintended oxygen access. The opening for oxygen transport into the structure is etched into the barrier and the structure underneath using an Ar ion source. A focused ion beam allows one to precisely control the shape of the crater. Since the primary beam of a SIMS instrument is used, the depth-dependent distribution of elements such as the Sr, Ti, O and Fe of the as-prepared samples is determined simultaneously. After annealing in 18 O 2 -enriched gas, SIMS analysis is done in a larger area around the initial crater in order to calculate the 3-D distribution of 18 O in the form of the ratio
. Thereby, square brackets represent the concentration of the elements with respect to the chemical formula of the respective compound. If required, the SIMS counts are normalized based on sample sections with known concentrations. In the case of different isotopes of the same element, the ratio of the concentrations follows directly the ratio of the SIMS counts due to identical ionization probabilities.
Sample preparation
All layers are synthesized on a (100) face of single crystalline 10 × 10 × 0.5 mm 3 SrTiO 3 substrates. The STO samples are masked in order to limit the deposited area to approximately 7 × 7 mm 2 and are installed in a vacuum chamber. Subsequently the samples are heated up to approximately 700 • C. Later, thin layers of target materials are epitaxially grown on the STO surface by means of pulsed laser deposition (PLD) using a KrF excimer laser. Depending on the requested arrangement either STF50 or STF20 or alternating layers of STF and STO with a thickness of 50 or 100 nm are deposited. Finally, a 20 nm LAO layer is provided to prevent oxygen diffusion. For further improvement of the oxygen barrier, samples to be used for oxygen diffusion experiments are coated with a thin Au layer using a Cressington Sputter Coater 108.
Oxygen-18 tracer diffusion
The diffusion path for oxygen is opened by initial SIMS analysis. Thereby a rectangular crater of approximately 500 × 750 µm 2 is created in the middle of the sample. The measurements provide information about oxygen isotope abundance, arrangement of the deposited layers and interfaces in the as-prepared samples.
The diffusion runs in 18 O 2 -enriched gas are performed in a furnace with a transfer rod which enables quick insertion or removal of the sample into or from the hot area. Prior to the diffusion runs each sample is pre-annealed in 16 O 2 at the temperature chosen for the subsequent annealing in 18 O 2 to enable oxygen equilibration throughout the area of interest.
The process is performed at the same oxygen partial pressure, but the annealing time is increased by a factor of 4 at least.
After pre-annealing, the samples are quickly removed from the hot zone of the furnace and the atmosphere is replaced by a 18 O 2 -enriched gas (concentration > 85 %). Subsequently, the samples are transferred again into the hot zone and annealed. Finally, the samples are removed from the furnace and cooled down quickly.
The diffusion runs are performed at temperatures from 500 up to 700 • C. Higher temperatures are out of the scope of this work.
Oxygen transport
The SIMS measurements are performed with a Hiden Analytical SIMS Workstation. Here, a primary Ar + ion beam with a spot diameter of approximately 80 µm is used. The Ar ions are accelerated in a 5 kV field; the intensity of the primary ion beam is set to 100 nA. The analyzed surface area for depth profiles is 500 × 750 µm 2 . Disturbances of the measurement from crater walls are reduced by gating the acquisition area electronically to about 100 × 100 µm 2 . In order to reduce the impact of surface charging during the sputter process, an electron flood gun with energy set to 10 eV is used.
After diffusion runs the samples are analyzed for the second time using the scanning mode of the SIMS system. Here, a larger area of 2.1 × 1.6 mm 2 is analyzed. The signals from the quadrupole mass spectrometer for 16 O − and 18 O − are recorded for every beam position on the sample. Using this technique a 3-D profile of the relative 18 O concentration through the deposited layers down to the STO substrate is created.
Electrical conductivity
To determine the electrical impedance, STF20 | STO rods with dimensions of 10 × 2 × 0.5 mm 2 are cut. Subsequently, Pt paste is applied at the ends of the rod on the side where STF20 is present, and two platinum wires are attached to it. Further, the sample is sintered for a short time at 1000 • C. A SIMS analysis of the rod at the end of the experiments confirms that the layered structure is not damaged due to the diffusion of iron during the sintering process. Finally, the samples are installed in a gas-tight tube furnace which is equipped with an oxygen ion pump and in-house designed control electronics to adjust the oxygen partial pressure in a range from 10 −3 to 10 −23 bar (Schulz et al., 2012) .
The samples are annealed at temperatures between 500 and 700 • C in a CO / CO 2 or H 2 / H 2 O containing argon carrier gas. The oxygen partial pressure adjusted stepwise between 10 −23 and 10 −3 bar. In order to test the reproducibility, two p O 2 ramps are performed for each gas composition and each temperature.
The complex impedance is measured with a Solartron SI1260 gain phase analyzer in a frequency range from 1 Hz to . Scheme (not to scale) of the electrode arrangement for conductivity measurements. Two wires are attached to the sample using Pt paste at the ends of the rod. Due to the position of the electrodes, the components of the structure are connected in parallel.
1 MHz. Subsequently, the impedance spectra are fitted with an electronic circuit consisting of a resistor R 1 and a constant phase element CPE connected in parallel, followed by an additional resistor R 2 connected in series with the aforementioned R 1 | CPE pair. In this model, R 1 corresponds to the bulk resistance of the sample and CPE to its capacitive properties, and R 2 represents the resistance of the harness. The reference sample used for comparison purposes only is a STO substrate without additional layers. Further samples consist of a STO substrate with a 100 nm STF20 and a LAO film on top of it (see Fig 6) . Due to the position of the electrodes, the electrical resistance of substrate and films is measured laterally and can be described by resistors connected in parallel. Thus, the total measured conductance G tot is the sum of all contributing conductances,
Here, G iface corresponds to the conductance of the interface between STO and STF. The width and length of all layers and the STO substrate are the same. Therefore, the specific conductivity and thicknesses of the layers are relevant parameters only. Since the substrate (500 µm STO) is significantly thicker than the films (e.g., 0.1 µm STF20) or the interface, the specific conductivity of the films or the interface has to be at least several orders of magnitude higher than that of STO to expect a measurable impact on the total measured conductance. Similarly, the capacity of the layers sums up and results in a single measurable element.
Results and discussion
Pulsed laser deposition
In order to confirm the quality of prepared samples, highresolution TEM images of the interface are acquired. Here, the specimens are cut into 5 × 5 mm 2 pieces using a diamond saw and processed in a way to obtain a disk with a diameter of about 3 mm and a thickness of 100 µm embedded in an epoxy resin. Subsequently, a dimple is created at the interface zone and, finally, a hole is made using an ion gun. A HR-TEM image of the interface between substrate and deposited STF50 (see Fig. 7 ) confirms epitaxial growth of the layer. The interface is smooth and only a few nanometers thick. The concentration of crystalline defects such as dislocations and grain boundaries appears to be negligible.
Oxygen transport 4.2.1 Diffusion barrier
In order to verify the effect of the diffusion barrier, samples with and without the opening (SIMS crater) in the Au | LAO cover layer are annealed in a 18 O 2 -enriched atmosphere at 600 • C for 1 h. Subsequently, depth profiles of the 18 O concentration are acquired. As shown in Fig. 8 the diffusion of oxygen through an undamaged diffusion barrier is largely suppressed. 
Oxygen tracer diffusivity
The second aspect investigated by SIMS is the thermal stability of the thin STF layer as well as the multilayer structures. As shown in Fig. 9 , the 10 h annealing at 600 • C does not result in a significant change in the Fe profile compared to the as-prepared sample. There is also no influence of the annealing atmosphere observed. The measured width of the interface is comparable with the one obtained from HR-TEM measurement; however, the thickness cannot be given precisely since the depth resolution of the SIMS workstation is about 10 nm for the given measurement parameters.
The increase in annealing temperature to 700 • C impacts the stability of STF. After an annealing period of 1 h, the width of the interface increases from about 6 to about 14 nm. The width is estimated based on a decrease in the Fe concentration by a factor of 1/e (see Fig. 10 The starting point of the simulation is the as-prepared Fe profile in STF and STO. Although no detailed information regarding the temperature dependence of Fe diffusion is gathered, the activation energy E A of this process is suspected to be high. Literature data regarding E A for the Fe diffusion in SFO or STF are obviously not available. However, the high E A of 3.3 eV reported for Ti +4 ions by Gömann et al. (2004) supports the abovementioned suspicion since Fe +3 and Ti +4 share a lattice site in STF.
The broadening of the interface limits the long-term application of the structures to about 600-650 • C. It should be avoided to anneal the samples at temperatures exceeding this limit significantly.
An attempt to estimate the mean oxygen concentration x according to chemical formula SrTi 1−y Fe y O x is shown in Fig. 11 . Here, a weak and noisy Sr signal leads to large uncer- tainties of up to ±0.9 (30 %) in the STO substrate. Therefore, the data are provided for orientation purposes only.
Oxygen diffusion at the interface
The SIMS measurements prior to annealing of the samples confirm the existence of all layers in the case of single-as well as multi-layer structures. As shown in an exemplary depth profile (see Fig. 12 ), there are two clearly distinct areas with an enhanced Fe signal which are attributed to STF layers. Between them there is one STO layer. The area close to the surface with an enhanced Al signal is the LAO blocking layer. As the criterion defining the interface between two subsequent layers, a point is chosen at which the concentration of the relevant element falls to 50 % of the value in the center of the layer. It must be noted that the SIMS count rates of both oxygen isotopes in the STF layers are significantly lower than in STO. It may be related to the matrix effect on oxygen ionization probability as well as a slightly different sputter rate in both materials. Moreover, the primary ion beam does not scan the surface only, but also penetrates a few nanometers into the sample. Therefore, the anomalies in the STF layers do not necessarily correspond to the interface. The concentration of 18 O in the initial profile corresponds to the natural abundance of this isotope of 0.2 %.
Two-dimensional depth profiles
Two-dimensional 18 O depth profiles measured in STO show a plateau of about 20-30 nm in the vicinity of the STF | STO interface. The plateau is observed not only in the case of annealing at 700 • C, where Fe diffusion into STO was observed, but also for the sample annealed at the significantly lower temperature of 500 • C. Therefore, it can be most likely attributed to the space charge zone, where oxygen can quickly diffuse and build a uniform layer. The appearance of the space charge layer is discussed in more detail in Sect. 2.2.5. Once the space charge zone ends, a regular errorfunction-like profile is observed (see Figs. 13 and 14) . In the case of samples annealed at 700 • C, only a portion of the profile in the STO substrate is acquired.
If the plateau is attributed to the space charge zone, its width should be comparable with the Debye length λ:
which correlates temperature T and the dielectric constant of STO, ε R , with the concentration of oxygen vacancies [VO ]. For example, at a temperature of 700 • C, a Debye length of 30 nm is achieved for an acceptor doping concentration of [A ] = 7.7 × 10 17 cm −3 , which in turn is in the range of an unintended doping.
The diffusion coefficients of oxygen for both temperatures are determined using an analytical solution of Fick's second law, as well as numerically as described in Sect. 2.2.5. The diffusion coefficients D 2 for 500 and 700 • C are 4.6 × 10 −20 and 5 × 10 −18 m 2 s −1 , respectively.
Three-dimensional depth profiles
The 3-D analysis of the samples annealed at 600 • C in 18 O 2 shows results dependent on the structure of the samples.
In the case of a single STF layer on the STO substrate, a 30 nm thin area with enhanced 18 O isotope concentration in the STO substrate close to the interface is observed. In the case of structures containing a 50 nm STO film between two 50 nm STF layers, a significantly increased 18 O concentration in the intermediate STO layer is observed (see Fig. 15 ). Even larger 18 O concentrations found in the vicinity of the initial SIMS crater are ignored during data evaluation. Due to a lower yield of secondary ions and a decreased signal-tonoise ratio, the oxygen distribution in the STF layers appears to be spotty. This effect is largely pronounced in the lower STF layer, where the total yield of secondary ions was the lowest. Intentionally, the center of the crater sputtered prior to the oxygen exchange experiments just reaches the STO substrate. The latter is used as indicator of a sufficiently deep crater to enable oxygen exchange at the upper STF | STO interface. Obviously, rounded edges at the crater bottom prevent significant 18 O exchange as shown in Fig. 15 . The effect might be caused by the distance between the rounded crater surface and that part of the interface between STF and STO substrate evaluated after the 18 O exchange. Further, the formation of space charges might be suppressed in this region. Consequently, there is almost no 18 O visible at the interface of the STF and STO substrate. It should be noted further that Fig. 15 shows an open interface between STF and STO substrate which is, however, created during the second sputter run after the 18 O exchange experiments.
One can observe that 18 O fills the space charge layer almost uniformly over a large area within a relatively short time. This indicates that the oxygen diffusion coefficient at the interface is much larger than in pure STO or STF. Based on the SIMS data, a value of D 1 = 3.4 × 10 −10 m 2 s −1 at 600 • C along the interface is found using an analytical solution of Fick's second law.
Since such multilayer stacks might be applied as fast ionic conductors, a comparison of oxygen diffusivity between the STF | STO system and commercially available materials is done. For example, the oxygen diffusion coefficient D O of the application relevant material YSZ at the same temperature is about 2 to 3 × 10 −12 m 2 s −1 (Kilo et al., 2004) , which is comparable with oxygen diffusion in SFO and STF solid solutions, but approximately 2 orders of magnitude lower than that at the STF | STO interface.
Correlation with the numerical model
In order to estimate the range of measurable oxygen diffusion coefficients along the interface, the numerical model of Figure 17 . Impact of the oxygen diffusion coefficient along the interface on the oxygen depth profile acquired 100 µm from the initial SIMS crater. Higher diffusion coefficients (D 1 and 10D 1 in this example) do not cause any significant change in the profile, whereas lower coefficients (0.1D 1 and 0.01D 1 ) cause unequal oxygen distribution in the interface area.
STO described in Sect. 2.2.5 is applied to simulate the 2-D diffusion process in the STO substrate (using the diffusion coefficient D 2 ) and at the interface (using the diffusion coefficient D 1 ).
Simultaneous diffusion of oxygen along the interface and in the bulk requires the consideration of two different experimental aspects. First, for a given temperature, the annealing time has to be large enough to enable oxygen diffusion in the bulk. An underestimated time results in a natural abundance of the tracer measured through the entire sample. On the other hand, the overestimated annealing time results in a sample saturated with the 18 O tracer where the impact of the interface on the diffusion profile is not visible anymore. The second aspect depends on the ratio of both oxygen diffusion coefficients, D 1 and D 2 . If the ratio is not large enough, a non-symmetrical diffusion profile, as shown in the right part of Fig. 16 , is expected.
Since the 3-D SIMS measurement revealed a uniform distribution of 18 O along the entire interface, it is assumed that the diffusion coefficient D 1 must be sufficiently high to provide identical depth profiles calculated for different distances from the opening in the diffusion barrier (see the vertical arrows in Fig. 4) . Choosing a sufficiently high D 1 , the simulated 2-D oxygen-18 concentration profile exhibits uniform distribution in the x direction, as shown in the left part of Fig. 16 . An equivalent statement concerns the line scans at different distances from the initial SIMS crater. They are similar, which corresponds to the experimental findings. Further, the diffusion coefficient at the interface and in bulk STO should enable one to fit the 18 O depth profiles (see Figs. 13 and 14) .
It must be noted that this approach allows one only to determine the lowest possible limit for D 1 and does not result in exact values. As shown in Fig. 17 the simulation results obtained for D 1 and 10D 1 are practically the same. 
Oxygen partial pressure-dependent conductivity
The measured impedance spectra as shown in Fig. 18 yield well-shaped semicircles with p O 2 and a T -dependent diameter. As already mentioned in Sect. 3.4, only one single semicircle, with the lowest resistance and the highest capacitance dominating, is obtained due to the parallel arrangement of resistors and capacities for STF, STO and the interface. Fitting the spectra with the electrical equivalent circuit mentioned in Sect. 3.4 allows one to determine the bulk conductivity R 1 . The resistance R 2 related to the harness is negligibly low. The phase of the CPE is very close to the unity.
The determination of the conductivity is performed in two different gas buffer compositions, CO / CO 2 and H 2 / H 2 O. Both gas mixtures are applied to figure out whether the conductivity is affected by, e.g., diffusion of hydrogen or hydroxyl groups in STO crystals as described by Steinsvik et al. (2001) .
After the set temperature stabilizes, the p O 2 is firstly decreased stepwise from 10 −3 to 10 −23 bar and then increased stepwise back to 10 −3 bar. At each step, the oxygen partial pressure is held constant until the measured impedance stabilizes. The criteria are changes in the measured resistance below 1 %. After a complete p O 2 loop, the next temperature is adjusted. This process is shown exemplarily in Fig. 19 , where the changes in oxygen partial pressure and sample resistance are shown as a function of time. Table 1 . Minimum of electronic conductivity, ionic conductivity and oxygen partial pressure at the intrinsic point obtained from the fit of Eq. (10). The total conductivity plotted against oxygen partial pressure shows a shape typical of the predominant n type electronic conductivity at low oxygen partial pressures, ionic conductivity at intermediate p O 2 and p type electronic conductivity at high oxygen partial pressures. The −1/4 and +1/4 slopes of n and p type electronic conductivities indicate that the oxygen vacancy concentration is independent of the oxygen partial pressure. Here, the experimental data are fitted using the formula given by, e.g., Yoo et al. (2002) :
where the minimum of electronic conductivity is given by σ el,min = 2q(µ n µ p ) 1/2 n i . Further, µ n and µ p are electron and hole mobilities, n i is the charge carrier concentration,
is the oxygen partial pressure at the intrinsic point, i.e., when n = p = n i . The equation is fitted to each measured data set (different p O 2 at constant temperature and gas composition) with σ ion , σ el,min and p * O 2 fitting parameters.
Using Eq. (10) the ionic conductivity σ ion is separated from the total conductivity σ . Further, the temperature dependence of the minimum of electronic conductivity, σ el,min = σ 0 exp(−E g /2kT ), enables one to extract the bandgap energy E g .
The results show that there is only a slight difference in the conductivity measured in two different gas mixtures (see Table 1 ). In the case of the carbon monoxide containing atmosphere, the n type conductivity at low oxygen partial pressures is slightly lower compared to the hydrogen containing atmosphere. One can recognize three regions in the conductivity data:
-n type conductivity below 10 −16 bar with σ ∝ p The activation energies for p and n type electronic conductivity are found to be lower than those of pure STO crystals. Balachandran and Eror (1981) report activities of, respectively, 1.56 and 4.56 eV; Chan et al. (1981) report activation energy of p type conductivity of 0.98 eV. The activation energy of ionic conductivity and thus of oxygen vacancy diffusion is lower than the 0.99 eV measured in pure STO by Ohly et al. (2006) .
The band-gap enthalpy E g determined from the intrinsic minima of the electronic conductivity (σ n + σ p ) is found to be 3.2 eV. The value is in good agreement with band-gap enthalpies reported by other authors (3.36 eV - Balachandran and Eror, 1981; 3.30 eV -Chan et al., 1981; 3.30 eV -Ohly et al., 2006; 3.2 eV -Rothschild, 2006) .
The measurement in hydrogen and carbon monoxide containing atmospheres is shown in Fig. 20 . Here, the modeled n type conductivity contribution at 510 • C does not exceed the ionic conductivity and is, therefore, not shown.
Conductivity comparison with pure STO
At oxygen partial pressures below 10 −15 bar the predominant n type conductivity of the STF20 | STO sample is exactly the same as in the case of pure STO. At intermediate oxygen partial pressures between 10 −15 and 10 −7 bar an increase in ionic conductivity is observed. Similarly, at p O 2 above 10 −7 bar an increase in the predominant p type conductivity is measured.
At an oxygen partial pressure of 1 mbar and a temperature of 690 • C the total sample resistance is 157.4 k , which corresponds to a total conductivity of 3.4 × 10 −2 S m −1 . The resistance expected for STO at the same conditions (geometry, temperature and p O 2 ) is, however, significantly higher and equals 460.3 k , corresponding to 1.2 × 10 −2 S m −1 . One of the reasons could be the contribution to the conductivity from the STF20 layer. However, having its thickness of 100 nm in mind, its resistance would be about 5.1 G even though the specific conductivity of 5.2 S m −1 is much higher than that of STO. Even if one considers Fe diffusion from STF20 into STO and, as a worst-case scenario, the width of the STF layer increase from 100 to 130 nm, the contribution from STF alone is not sufficient to explain the high conductivity.
Another explanation of conductivity enhancement is the contribution of the space charge zone. In order to match the resistance of the measured sample with the resistance of STO and resistance of STF20, one would require an additional element with R = 250.7 k . Using the thickness of all layers, the conductivity in the space charge zone can be calculated. At 700 • C and with a given zone width of 30 nm, one calculates the conductivity at the interface to be about 360 S m −1 .
In this calculation the STF20 conductivity is taken from Moos et al. (2000) . The resistance of the space charge zone (250.7 k ) is considerably lower than the resistance of STO bulk (460.3 k ) and as such contributes significantly to the total resistance of the sample. Therefore, the diameter of the semicircles shown in Fig. 18 is largely determined by the transport in the space charge zone.
Linking the diffusion data with ionic conductivity
Assuming that the ionic contribution in STF20 films on STO is attributed to Frenkel defects, the oxygen diffusion coefficient can be calculated from the conductivity data. The 3-D SIMS measurements reveal a 30 nm thick layer of enhanced oxygen diffusivity in STO in the vicinity of the interface. Using this number and the ionic contribution to σ , an oxygen diffusion coefficient of D O = 2.0 × 10 −10 m 2 s −1 is obtained. Having the uncertainty of the measurements in mind, the value is in good agreement with the fit of oxygen concentration obtained by SIMS measurements at the same temperature (3.4 × 10 −10 m 2 s −1 at 600 • C). For comparison, oxygen diffusivity in nominally undoped STO is lower by several orders of magnitude, i.e., about 10 −15 m 2 s −1 at 600 • C as reported by Paladino et al. (1965) .
Conclusions
Epitaxial structures containing interleaved STO and STF layers grown epitaxially on STO substrates are investigated by oxygen tracer diffusion experiments and impedance spectroscopy at different temperatures and oxygen partial pressures. Three-dimensional element profiles show increased 18 O concentration in the vicinity of the interface (thickness: 30 nm) between STF and STO, which in turn confirms that the oxygen diffusion coefficient in that area increases significantly. A numerical model limits possible diffusion coefficients along the interface to a minimum value. The lowest possible D 1 leading to uniform oxygen-18 concentration profiles is 3 × 10 −10 m 2 s −1 at 500 • C, which is a few orders of magnitude higher than the diffusion coefficient of oxygen in bulk STO, D 2 .
Conductivity measurements in H 2 / H 2 O and CO / CO 2 show that there is only minor impact of the atmosphere on the resistance of the structures. The materials show a slightly increased p type and ionic conductivity in comparison to pure STO. The oxygen diffusion coefficient calculated from the conductivity data shows good agreement with that of SIMS measurements.
